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When raised to temperatures above the ice melting point, gas hydrates release their gas in well-defined,
reproducible events that occur within self-maintained temperature ranges slightly below the ice point. This
behavior is observed for structure I (carbon dioxide, methane) and structure II gas hydrates (methane-ethane,
and propane), including those formed with either H2O- or D2O-host frameworks, and dissociated at either
ambient or elevated pressure conditions. We hypothesize that at temperatures above the H2O (or D2O) melting
point: (1) hydrate dissociation produces water+ gas instead of ice+ gas, (2) the endothermic dissociation
reaction lowers the temperature of the sample, causing the water product to freeze, (3) this phase transition
buffers the sample temperatures within a narrow temperature range just below the ice point until dissociation
goes to completion, and (4) the temperature depression below the pure ice melting point correlates with the
average rate of dissociation and arises from solution of the hydrate-forming gas, released by dissociation, in
the water phase at elevated concentrations. In addition, for hydrate that is partially dissociated to ice+ gas
at lower temperatures and then heated to temperatures above the ice point, all remaining hydrate dissociates
to gas+ liquid water as existing barriers to dissociation disappear. The enhanced dissociation rates at warmer
temperatures are probably associated with faster gas transport pathways arising from the formation of water
product.

Introduction

When gas hydrate is in surroundings maintained at temper-
atures above the ice melting point and pressure is then reduced
to 0.1 MPa, rapid dissociation occurs and sample temperatures
decrease. This phenomenon has been observed in both natural
and experimental systems. Marine drill core material containing
gas hydrate is often recovered at temperatures several degrees
below the measured temperature at the core site.1-3 Tempera-
tures can be depressed as much as 2 degrees below the ice point
and are significantly lower than any encountered during core
retrieval. Such thermal anomalies arise from the endothermic
enthalpy of hydrate dissociation and are used routinely as
indicators of the possible presence of hydrate in recovered cores.

We previously reported that under certain conditions at
0.1 MPa, structure I (sI) methane hydrate dissociates in a self-
maintained, fixed temperature range within-1.5 K of the pure
H2O melting point (273.15 K) until the reaction goes to
completion.4,5 Specifically, this was observed when samples of
methane (C1) hydrate were rapidly depressurized to 0.1 MPa
while maintained in an external fluid bath held at a fixed
temperature at or above 273 K.4 This thermal buffering behavior
was found to be independent of the external bath temperature,
which ranged between 273 and 289 K. Similar behavior was
observed when partially dissociated C1 hydrate samples were
heated from low temperature throughTm at 0.1 MPa,5 where
Tm is defined as the melting point of the ice that comprises the
hydrate framework (H2O or D2O). In these experiments, this
thermal buffering behavior and the release of all remaining gas
were observed regardless of sample history, the prior rate of
dissociation, or the extent of partial dissociation.

We have now observed similar thermal buffering behavior
during dissociation of sI carbon dioxide (CO2) hydrate,6 as well
as structure II (sII) methane-ethane hydrate (C1C2) and sII
propane (C3) hydrate at 0.1 MPa. In CO2 hydrate dissociation
experiments, the measured temperature depression belowTm

was even greater, while C1C2 and C3 hydrate dissociation tests
yielded results consistent with those described above for C1.
Recent investigation of C1 hydrate dissociation at elevated
pressures of 1 and 2 MPa also yielded results fully consistent
with the earlier 0.1 MPa tests. Here we summarize the
relationship between hydrate dissociation and buffering tem-
perature for these various hydrates nearTm (the melting point
of H2O, or D2O when noted) and provide a probable explanation
for the observed behavior based on these observations.

Experimental Method

Pure, porous hydrate samples were synthesized using the
method of Stern et al.5,7 Pressurized hydrate-forming gas (or
liquid) is introduced into a sample chamber containing granular
ice (H2O or D2O, 180-250µm grain size) packed to a nominal
porosity of 40 to 55%. Hydrate formation is promoted by
ramping temperature from 250 K to well aboveTm, but still
within the hydrate stability field. Samples are then maintained
for several hours at the peak high-pressure, high-temperature
conditions and/or cycled throughTm until the remaining seed
ice has been converted to hydrate. Complete conversion of ice
to hydrate is confirmed by the absence of abrupt pressure and
temperature increases associated with water freezing when the
samples are cooled throughTm after synthesis. Details of sample
synthesis, experimental setup, and hydrate compositions have
been reported previously for methane,7,8 0.8 methane-0.2
ethane,9,10propane,11 and carbon dioxide6 hydrates made by this
general method. Hydrate samples were typically grown from
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26 g of H2O seed ice in approximately 2.54 cm× 11 cm long
cylinders. They contained 30 to 48% intergranular porosity
depending on initial ice porosity. In addition, hydrate samples
were made from D2O ice, sample size was varied (initial mass
of H2O seed ice ranged from 16 to 30 g), and 100µm quartz
sand was mixed homogeneously or layered with C1 hydrate.
One sample was a 3.18 cm-diameter cylinder made with 55 g
of H2O seed ice.

In this report we focus on the dissociation behavior of gas
hydrate nearTm. Dissociation was monitored under two types
of conditions: (1) during warming throughTm (temperature
scanning), and (2) at fixed bath temperatures aboveTm. In
temperature-scanning experiments, the hydrate sample is actively
warmed from a given starting temperature throughTm while a
constant gas pressure is maintained. Heat to the sample is
provided by an external fluid bath in which the sample chamber
is immersed, and bath heating rates average 13 K/h.4,6,7A final
bath temperature of 283 K was reached routinely, as all
remaining gas has been released from the hydrate sample by
this temperature. Temperature-scanning experiments include

those that start in the hydrate equilibrium field at 0.1 MPa
(referred to as temperature-ramping in refs 5,6,12) as well as
others that initially start inside the hydrate equilibrium field at
elevated pressure and some externally fixed temperature (Text)
below Tm. These latter samples follow a pathway of rapid
depressurization (∼15 s to 0.1, 1 or 2 MPa) followed by an
isothermal hold that ranges from<30 min to several weeks,
during which time they undergo partial dissociation. Samples
are then warmed throughTm and dissociate to completion. In
fixed-temperature experiments, samples are equilibrated at
elevated pressure and at aText above Tm, then rapidly de-
pressurized and held isothermally until the hydrate sample
dissociates completely.

Sample dissociation rates were determined using our custom-
built flow meter,8 in which released gas is collected at 0.1 MPa.
The gas flow rate is determined by monitoring the change in
weight of an inverted, H2O-filled, close-ended cylinder as
released gas displaces the H2O. The flow rate measurement
capability ranges from 3000 to less than 0.1 cm3/min. For
dissociation experiments performed at elevated pressures, a

Figure 1. Evolution of gas from hydrate samples as a function of time and temperature, while warming the samples throughTm (panels a, b, d)
or holding them at a fixed external temperature aboveTm (panel c). Bath and sample middle temperatures (solid and open circles, respectively) and
the amount of gas released from the hydrate sample (open triangles) are shown (every fifth data point plotted). Shaded regions indicate where the
bufferingT range has been defined. The horizontal dotted line indicatesTm for H2O (experiment in panel c performed at 1.0 MPa). Note that during
heating, the sample temperature lags the external bath temperature due to delayed heat transfer through the vessel walls and sample. Panel a shows
the final temperature-scanning portion of a C1 hydrate dissociation experiment following a rapid depressurization to 0.1 MPa and isothermal hold
at 245 K. Note that more than half of the hydrate gas content was released in the buffering temperature range. Panel b shows the final temperature-
scanning portion of a C1C2 hydrate dissociation experiment following warming from 195 K at 0.1 MPa. The results are representative of all
temperature-scanning experiments on C1, C1C2, and C3 gas hydrates in which only a few percent of the gas remains asTm is approached. Panel
c shows a fixed-temperature experiment on C1 hydrate following rapid depressurization to 1.0 MPa and isothermal hold at 283 K. Most of the
hydrate sample dissociated in the buffering temperature range. The results are representative of fixed-temperature experiments aboveTm on C1
hydrate at 0.1 MPa and elevated pressures. Panel d shows the final temperature-scanning portion of a CO2 hydrate dissociation experiment following
warming from 210 K at 0.1 MPa. The buffering temperature range shown is representative of all temperature-scanning and rapid depressurization
(below and aboveTm) experiments on CO2 hydrate, in which the offset fromTm is greater than in panels a, b, or c.
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back-pressure regulator (Tescom Model ER 3000), situated
between the sample and the flow meter, maintains the pressure
in the sample vessel to within(0.03 MPa of the set point by
releasing gas to the flow meter as the hydrate dissociates.

Internal temperatures of hydrate samples were monitored by
thermocouples over the duration of the experiments. Sample
vessels either had one axially centered thermocouple or four
thermocouples located along the top, middle, and bottom of the
cylinder axis and midway along the sample side.4,6 Chromel-
alumel (Type K) thermocouples, referenced to either an ice/
water calibration bath or a Hart Scientific Zero Point Calibrator
(model 9101), measure sample temperatures to within(0.1 K
at 0.1 MPa. The experimental results in Figures 1-4 show the
sample temperature measured by the middle thermocouple only.
The temperature profiles near the sample surfaces are also
discussed below.

Results

The relationship between the amount of hydrate dissociation
and the internal sample temperature is illustrated in Figures 1
and 2. In temperature-scanning experiments, two changes occur
as the sample temperature nearsTm: (1) the rate of dissociation
of the remaining hydrate rises sharply, and (2) the rate of
temperature increase in the sample decreases sharply while the
external bath temperature continues to rise (Figures 1a, 1b, 2a,

and 2b).13 The sample temperature remains within a narrow
temperature range, rising slowly with time as dissociation
proceeds. This behavior defines the thermal buffering regime,
and it is more pronounced and long-lived when the amount of
remaining gas released from the hydrate sample exceeds a few
percent (1a vs 1b). After some time interval, hydrate dissociation
ceases, usually preceded by, but sometimes coincident with, a
rise in sample temperature toTm.

In fixed-temperature experiments, the samples are equilibrated
at some temperature aboveTm, then pressure is dropped rapidly
to conditions outside the hydrate stability field, and dissociation
begins immediately (Figures 1c, 2c). The sample temperature
plummets belowTm due to both adiabatic cooling from gas
expansion and the absorption of heat by hydrate dissociation.
Adiabatic cooling results in a temperature decrease of about
4-6 K (for the typicalP decrease in our experiments) and is
short-lived (lasting∼5 min). In experiments whereText is
between 273 and 283 K, the temperature decrease initially
undercools the thermal buffering regime, then rebounds to it
within 2-15 min (rebound time decreases with increasing
temperature). In experiments whereText g 283 K, the temper-
ature drops directly to the buffering temperature regime (Figure
1c). Sample temperatures remain in the thermal buffering regime
until dissociation nears completion, at which time the sample
temperature rises toTm. This behavior was observed in all

Figure 2. Experiments shown in Figure 1 plotted as the amount and rate of gas evolution over time, while warming the hydrate samples through
Tm (panels a, b, d), or holding them at a fixed external temperature aboveTm (panel c). The flow rate and evolved gas (solid and open triangles,
respectively; every second data point plotted), the zero flow rate horizon (horizontal dotted line), and the buffering temperature range (shaded area,
see Figure 1) are shown. Data were collected every 60 s except for that in panel c, where data were collected every 20 s. The flow rate was
calculated at each data point from the change in amount of released gas (using a running average of nine points to reduce noise) over time. In
temperature-scanning experiments (panels a, b, d), the initial and final buffering temperatures coincide with the breaks in the slopes of the gas
evolution curves, while the flow rate changes are spread over a wider temperature range due to the data averaging. A temporal offset of up to 20
min between the onset of buffering and the peak in flow rate can occur.
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experiments conducted at bath temperatures aboveTm (11 tests
conducted between 273 and 289 K) and also in all tests
conducted at elevated pressure conditions (6 tests conducted
on C1 hydrate at 1.0 and 2.0 MPa). Additional details of the
experiments at 0.1 MPa have been summarized previously.4

Similar behavior was observed in temperature-scanning and
fixed-temperature experiments on CO2 hydrate,6 in which the
sample rapidly dissociates to completion onceText exceedsTm.
CO2 hydrate experiments show one notable difference: the
buffering temperature range is depressed an additional 1-2 K
below that observed for the hydrocarbon hydrates (Figures 1d,
2d).

Results on D2O-host hydrates of C1, C1C2, C3, and CO2 are
fully consistent with the above observations on H2O-host
hydrates, although the buffering range was systematically shifted
to higher temperatures in accordance with the higher melting
point of D2O. Average initial and final buffering temperatures
and their offsets fromTm are categorized on the basis of
experimental parameters and guest molecule composition in
Table 1.

Rapid hydrate dissociation with thermal buffering just below
Tm is observed in all of the experiments that we have performed
to date at higher temperatures whereText exceedsTm. Previously,

Peters et al.14 observed comparable thermal regimes and
dissociation behavior in fixed-temperature experiments on C1
hydrate, and recently, Melnikov et al.15 observed this behavior
for C3 hydrate. In addition, similar dissociation behavior was
observed calorimetrically for natural sII gas hydrate16 as well
as synthetic sII krypton gas hydrate,17 where a sharp rise in
dissociation rate is observed as samples are warmed through
Tm.

To summarize, as the melting temperature of the material
that comprises the hydrate framework is approached in tem-
perature-scanning experiments, or when pressure is decreased
to conditions outside the hydrate stability field in fixed-
temperature experiments above 273 K, gas hydrates dissociate
rapidly and completely in a narrow temperature range slightly
belowTm. Our measurements also show that this buffering range
depends directly on the composition of both the guest and
hydrate host phases.

Discussion

The key to understanding the role of water in hydrate
dissociation is the observed change in dissociation behavior as
Tm is reached. In fixed-temperatures experiments aboveTm,

Figure 3. Relationship between initial or final buffering temperatures and the average dissociation rate. Dotted lines are positioned atTm (H2O at
0.1 MPa); in the elevatedP experiments,Tm decreases to 273.08 and 273.01 K at 1.0 and 2.0 MPa, respectively. Panel a shows initial buffering
temperatures in temperature-scanning experiments on C1, C1C2, and C3 hydrates at 0.1 MPa, and C1 at elevated pressures. Panel b shows initial
buffering temperatures in fixed-temperature experiments on C1 hydrate at 0.1 MPa and elevated pressures. Panel c shows final buffering temperatures
in all experiments on C1, C1C2, and C3 hydrates. Panel d shows initial and final buffering temperatures in temperature-scanning and fixed-
temperature experiments on CO2 hydrate at 0.1 MPa. Solid lines and equations are from least-squares fits to C1 hydrate data at 0.1 MPa (panels
a and b), representing the broadest ranges of dissociation rates measured; these data sets were combined for the regression shown in panel c.
Regressions serve merely to illustrate the general trends of decreasing buffering temperature with increasing dissociation rate (see text).
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hydrate dissociation is complete in minutes to hours, occurring
in narrow temperature ranges belowTm that are independent of
Text.4 Dissociation rates increase with increasingText and higher
heat flow from the external bath. But at temperatures below
Tm, the dissociation rate is highly varied among hydrates and
is highly temperature-dependent for methane hydrate (Table 2).
However, when subsequently warmed throughTm, all remaining
gas is released from the partially dissociated hydrate samples.
This behavior is independent of the previousP-T history,
dissociation rate, and state of sample dissociation, as well as
the hydrate structure and composition. Dissociation goes to
completion quickly while sample temperatures are buffered in
the same interval belowTm that is observed in the fixed-
temperature experiments.

As discussed in ref 6, when warming partially dissociated
hydrate samples from temperatures belowTm, preexisting
barriers to hydrate dissociation disappear as the temperature
reaches the H2O solidus, suggesting that the formation of liquid
water is key to rapid and complete breakdown of the hydrate.
These results point to gas diffusion as the rate-limiting process
at lower temperatures and indicate that ice product plays some
role in retarding hydrate dissociation. Heat flow into the sample

is ruled out as the rate-limiting process belowTm; for both C1
(242-272 K) and CO2 hydrates, samples are in thermal
equilibrium with the external bath when depressed dissociation
rates are observed, and rates do not increase systematically with
increasingText. Instead, hydrate dissociation behavior seems to
depend foremost on the guest molecule(s) present (Table 2).
The range in dissociation rates for hydrates of different
composition and structure highlights the fact that the mere
presence of ice as a gas shielding or sealing mechanism is
insufficient to account for all of the experimental results.12 A
unifying theory that integrates the roles of ice, temperature, and
guest molecule and explains the complexity of dissociation
behavior observed for various hydrates following differentP-T
pathways belowTm remains elusive.

The rapid release of all remaining gas from the hydrate
samples once the external bath temperature exceedsTm indicates
that dissociation is producing liquid water under these condi-
tions, even though the sample temperature is buffered below
Tm. We attribute the observed thermal buffering during dis-
sociation to the crossing of the solid/liquid boundary of H2O
or D2O and not to the hydrate dissociation reaction itself, since
theP, T conditions do not coincide with known or extrapolated

Figure 4. Gas release and thermal response of hydrate samples partially saturated with seawater (SMOW), following rapid depressurization to 0.1
MPa while maintaining at a fixed external temperature of 277 K. C1 hydrate in CH4 gas atmosphere at 0.1 MPa (circle and square), C1 hydrate
partially saturated with seawater (triangle), and C1 hydrate+ 30% quartz by volume partially saturated in seawater (diamond) are compared (every
fifth data point plotted). Panel a shows the evolution of gas over time. Dissociation ceased after 72 and 86 min in pure C1 hydrate (Text was 276.5
and 277.0 K, respectively), after 35 min in the hydrate+ seawater sample, and in 18 min in the hydrate+ quartz+ seawater sample. Panel b shows
the evolution of sample temperature over time, with the range ofText for all experiments indicated. The horizontal dotted line indicatesTm

(273.15 K, pure H2O), the horizontal dashed line indicates the calculatedTm for the seawater used (271 K, SMOW with a salinity of 35.2%), and
the darker shaded region is the buffering regime near 269 K.

TABLE 1: Comparison of Average Buffering Temperatures to the Melting Points of H2O and D2O

experiment
typea nb

Ti (K)
averagec

Ti - Tm

H2Od
Ti - Tm

D2Oe
Tf (K)

averagec
Tf - Tm

H2Od
Tf - Tm

D2Oe

T-scan<6% 23 272.8( 0.1 -0.4 -0.2,-0.4 273.0( 0.1 -0.1 -0.1
T-scan>6% 24 272.3( 0.5 -0.9 272.8( 0.1 -0.3
Fixed-T (g 273 K) 17 272.3( 0.3 -0.8 272.8( 0.2 -0.4
CO2 10 270.9( 0.4 -2.2 -1.8 271.6( 0.1 -1.6 -1.5

a Temperature-scanning experiments (see Figure 3a) were grouped on the basis of the amount of gas released from the hydrate while the sample
temperature was buffered. The group that released<6% of the total gas content of the hydrate nearTm had average dissociation rates of less than
0.07 mol/h and includes results for C1, as well as all C1C2 and C3 hydrate experiments. The secondT-scan group includes the remaining C1
experiments with higher average dissociation rates (including all high-pressure experiments below 273 K). FixedT (Figure 3b) includes all C1
rapid depressurization experiments above 273 K at 0.1 MPa and higher pressures.T-scan and fixed-T experiments on CO2 hydrate (Figure 3d) are
grouped together.b Number of analyzed experiments on hydrates with H2O-frameworks.c Average initial and final buffering temperatures (Ti and
Tf, respectively) and their standard deviations for H2O-framework hydrates.d Temperature difference between the average initial (or final) buffering
temperature and the pure H2O melting point (see text for discussion).e Temperature difference between the initial (or final) buffering temperature
and the observed D2O melting point. Note that, while pure D2O is expected to melt at 277.0 K, observed melting temperatures were slightly
depressed (to 275.7 K for CO2, 276.1 K for C1, and 276.7 K for C1C2 and C3), possibly due to higher equilibrium solubilities of the gases in liquid
D2O.
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hydrate reaction boundaries. Note that, at the ice point, the
endothermic enthalpy of dissociation for the reaction

where “M” is the guest molecule, is more endothermic byn ×
6.01 kJ/mol‚H2O (the enthalpy of melting of H2O) than when
H2O(s) is the product.17,18 The enthalpy of reaction is inde-
pendent of whether hydrate dissociates to gas+ ice that then
melts, or to gas+ water directly. Subsequent freezing of water
product and an ample supply of heat from the warmer, external
bath can offset the larger enthalpy required to produce water
during dissociation.

Localized freezing of the water product of dissociation is also
consistent with the distribution of ice following the end of
dissociation.4 We know that ice forms at some stage in the
process in every experiment, both from direct observation of
abundant ice product following dissociation and from the
observed buffering temperature atTm once hydrate dissociation
ceases.4,14 While dissociation proceeds throughout the sample,
progressing on a localized scale inward from hydrate grain
surfaces exposed in free pore space (as indicated by the
immediate, sample-wide onset of the thermal buffering behav-
ior), we also know, from the observed temperature profiles,4,13

that the extent of hydrate dissociation is heterogeneous between
the sample surfaces and interior. Concurrent with continued
dissociation in the sample interior, dissociation goes to comple-
tion at the sample surfaces, and the heat flow from the external
bath induces preferred ice melting atTm along sample surfaces.
We have shown previously4 that the rate of C1 hydrate
dissociation in fixed-temperature experiments aboveTm is
proportional to the heat flow from the warmer external bath to
the sample interior. This conclusion is based on an estimated
heat flow budget that assumed heat flow primarily through the
direct contact of the sample base with the enclosing metal
sample chamber (this is specific to our apparatus configuration).
Peters et al.14 observed comparable results but with a different
final distribution of ice due to the canted position of their
pressure vessel. They successfully reproduced both the observed
temperature profile and dissociation behavior with a model that

assumes radial conduction of heat through two moving bound-
aries of hydrate+ ice (inner boundary) and ice+ water (outer
boundary). In high temperature (>280 K) experiments, high heat
flow produces such rapid dissociation that the onset of buffering
occurs only in the sample interior and well into the dissociation
event, and buffering is short-lived.4

We hypothesize that the buffering behavior arises from the
freezing of water produced by hydrate dissociation, but the
specific characteristics of the observed buffering temperature
ranges require further discussion. (1) Buffering temperatures
are systematically offset belowTm. (2) The buffering temper-
ature is not constant, but rises (up to 1.3 K) over time. (3) The
temperature range depends on the hydrate composition (H2O
vs D2O, hydrocarbons vs CO2). And (4), the initial buffering
temperature correlates with the average rate of dissociation near
Tm (Figure 3). Specifically, the initial buffering temperature data
for C1 hydrate at 0.1 MPa appear to fall along two distinct trends
depending on whether the experiment involved temperature-
scanning (Figure 3a) or fixed-temperature (Figure 3b) conditions.
In both cases, however, the initial buffering temperature
decreases as the average rate of dissociation increases. The
shallower slope of the fixed-temperature data is strongly
influenced by the four 0.1 MPa experiments atText g 279 K
which had average dissociation rates>0.3 mol/h. The correlation
between decreasing buffering temperatures with increasing
dissociation rate is also reflected in the final buffering temper-
atures (Figure 3c), which again show a negative correlation with
respect to dissociation rate, but fall within a narrower range
(Table 1). For the remaining experiments on hydrocarbon
hydrates, both the initial and final buffering temperatures fall
along the trends previously described, while the observed
dissociation rates fall within a much narrower range. Last, the
data for CO2 hydrate do not exhibit an obvious correlation
between initial buffering temperature and dissociation rate
(Figure 3d), and the offset fromTm is greater for comparable
dissociation rates. It is important to remember that the measured
sample temperature reflects the average value imposed by the
surrounding material, and that, along with local sample vari-
ability,13 may give rise to the scatter in the data. Nonetheless,
the trend of decreasing buffer temperature with increasing
average dissociation rate is indicated.

We hypothesize that the buffering temperature is depressed
below Tm due to freezing point depression arising from the
presence of dissolved guest gas molecules in liquid water. This
colligative property is independent of the specific dissolved
species, depending only on the amount of solute. The relation-
ship between the mole fraction of the dissolved species in the
liquid and the freezing point depression is described by

where∆Hm is the enthalpy of fusion,Tbuffer is the depressed
melting point, andTm is the melting point of the pure solvent.
This equation assumes that solid solution does not occur in the
solid phase of the solvent, which is a reasonable assumption
for H2O and D2O ices. Table 3 summarizes the observed ranges
of buffering temperatures in different experiments and the
calculated concentrations of dissolved gas required to produce
the observed freezing point depression. The equilibrium gas
concentrations at 0.1 MPa, 273.15 K have been calculated from
Henry’s Law constants.19 We have also calculated the “con-
centration” of gas in the gas hydrate after converting the hydrate
framework to liquid water at 273.15 K. This provides an upper
bound on the maximum gas concentration possible if the hydrate

TABLE 2: Extent of Gas Hydrate Dissociation along
Various P-T Pathways below or aboveTm

a

hydrate
composition

heating from
belowTeq

(T < Tm)b

rapid
depressurizationc

Text < Tm

rapid
depressurizationc,d

Text > Tm

C1 (sI) >95% >90% (Text < 240 K) 100%
<50% (242-272 K)e

CO2 (sI) <10% <20%f 100%
C1C2 (sII) >95% >95%g 100%h

C3 (sII) >95% 100%

a Extent of dissociation (in %) after up to 4 h atdefined conditions.
b Heating under isobaric conditions of 0.1 MPa. Gas yields obtained
within 25 K (C1,5 C1C2,12 CO2

6 K) or 10 K (C3) ofTeq, the temperature
of the hydrate phase boundary. Gas yields for CO2 hydrate are less
than 20% forT up to 270 K.6 c Rapid depressurization to 0.1 MPa.
d C1,4,14 C3,15 and CO2

6 hydrate release 100% of their gas contents
while internal sample temperatures remain buffered∼1 (C1, C3) to
2 K (CO2) belowTm. e Dissociation rates are depressed up to 4 orders
of magnitude below those at lower temperatures, such that 50% of the
sample remains after a few hours (242 K) to a few weeks (268 K).5,12

At elevated pressures, dissociation rates are depressed further in this
temperature range.f Maximum amount released following depressuriza-
tion and isothermal hold for 0.3 to 3.8 h (Text 240-268 K), followed
by heating to 270 K.g At 268 K, the gas is released in minutes.
h Assumed on the basis of release of all remaining gas from partially
dissociated samples onceText exceedsTm.

M‚nH2O(s) ) M(g) + nH2O(l) (1)

xsolute) -(∆Hm/R) * (1/Tbuffer- 1/Tm) (2)
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instantly converts to gas+ water with no exsolution of the guest
molecules from the water to form a discrete gas phase.

The gas concentrations required to produce the observed
freezing point depressions are one to two orders of magnitude
greater than the equilibrium concentrations but much less than
the concentration of gas in the hydrate. Such gas concentrations
could arise as follows: immediately upon dissociation, a solution
of gas and water at higher-than-equilibrium concentration forms
before freezing excludes the dissolved gas. This model of
depression of the melting temperature of ice by gas solution is
also consistent with the observation that the buffering temper-
ature increases over time, i.e., the freezing point depression
decreases as the hydrate dissociation rate decreases. This is
supported by the asymmetry of the flow rate curves with respect
to the buffering temperature interval (Figure 2). Once dissocia-
tion slows and then ceases, this posited supersaturated solution
should rapidly tend toward equilibrium, confirmed by the
observed shift in sample temperature toTm.

The temperature offsets fromTm observed for the CO2 system
are always greater than those observed for the hydrocarbon gases
(Figures 1 and 3, Table 1) in both H2O- and D2O-host systems.
Since CO2 is 30 times more soluble in water than methane gas
at equilibrium conditions (Table 3), this is not surprising.
However, the relative solubility difference inferred from the
buffering temperatures during dissociation is much less. When
experimental conditions and dissociation rates are comparable
(0.06-0.22 mol/h in Figure 3a and 3d; C1, T-scan>6% lost
vs CO2 in Table 3), the gas concentrations calculated from the
freezing point depressions are only 2-5 times higher for CO2.
This result is entirely consistent with our hypothesis. Since C1
and CO2 hydrate have similar gas “concentrations”, at compa-
rable dissociation rates the amount of dissolved gas, and
therefore the observed freezing point depression, should be
similar. Thus hydrate dissociation produces the high, non-
equilibrium gas concentrations, and secondarily, the higher
activity of methane in water probably promotes its more rapid
exsolution, maintaining the observed difference in solubility.

Alternatively, if one does not accept that hydrate is dissociat-
ing to gas+ water for the reasons outlined at the start of the
discussion (namely, the relationship between temperature,
dissociation rates, and the H2O solidus), one must still explain
the observed freezing point depression with respect to hydrate
dissociation to gas+ ice. In this case, the product phases would
already be separated, as impurities are not easily incorporated
into the crystalline ice structure. To lower the H2O melting
temperature, either the chemical potential of the water phase

must still be lowered by gas solution, or the chemical potential
of the ice produced upon dissociation must be higher. In the
former case, an additional mechanism, such as localized, highly
elevated gas pressures (tens of MPa), would be required to
elevate gas concentrations well above equilibrium values to
produce the freezing point depression as ice product melted.
This added complexity is not supported by the experimental
data nor by the fact that ice is weakest at these temperatures.20

In the latter case, we have no evidence to support the formation
of an “ice-like” phase with a higher chemical potential than
pure ice Ih. The measured difference in the enthalpy of
dissociation is equal ton × 6.01 kJ/mol‚H2O within experi-
mental error.17 If the “ice-like” phase had a higher entropy than
that of pure ice Ih, this would actuallyraise the melting point.
Furthermore, this scenario is inconsistent with the fact that
internal sample temperatures quickly shift toTm of pure H2O
once dissociation ceases, where ice melting atTm can continue
for hours.

An important question that remains is whether this behavior
is relevant to a marine setting, where hydrate is in contact with
excess seawater, not hydrate-forming gas. We have obtained
limited experimental dissociation data on C1 hydrate that has
been partially saturated by pressurized, methane-saturated
seawater introduced into the sample chamber from the top after
hydrate synthesis. Some secondary growth of C1 hydrate
occurred, and the seawater did not completely saturate the
sample to the bottom. In fixed-temperature experiments at
277 K, the dissociation rate is higher in seawater-saturated
samples, and the buffering temperatures are depressed to even
lower temperatures (Figure 4). The buffering temperature is near
269 K during dissociation of the seawater-only sample, and then
rises to 271 to 272 K once dissociation is complete (Figure 4b).
A 1-2 K depression of the ice melting temperature would
correspond to 0.6 to 1.2 mol/L H2O of dissolved material, wholly
consistent with the salinity of the seawater as it “freshened”
with the melting of ice product. The further depression of the
freezing point by 2 K (buffering during dissociation at 268.9-
269.5 K, average rate 0.52 mol/h) would correspond to the
additional solution of 1.2 to 0.8 mol of CH4/L of H2O. This
temperature offset from the baseline seawater melting temper-
ature is greater than that observed at comparable rates in the
seawater-free experiments (Figure 3b). In the hydrate+ quartz
+ seawater experiment, thermal buffering during dissociation
is not indicated by the data; however, half of the sample
dissociated in a minute, driving the temperatures as low as
264 K, and the temperature rebounded steadily as the remaining

TABLE 3: Comparison of Calculated Concentrations of Hydrate Guest Species in Liquid Water on the Basis of the Observed
Freezing Point Depression of H2O, Equilibrium Conditions, and the Concentration in Gas Hydrate

experiment
descriptiona

bufferT rangeb

(K)
solubility from ∆Tm

c

(mol/L H2O)
equilibrium solubilityd

(mol/L H2O)
hydrate gas concentratioe

(mol/L H2O)

T-scan<6% Ti 273.0 to 272.5 0.081 to 0.353 0.0025 9.423
Tf 273.15 to 272.8 0.000 to 0.189

T-scan>6% Ti 272.7 to 270.7 0.243 to 1.362 0.0025 9.423
Tf 273.15 to 272.6 0.000 to 0.298

T g 273 K Ti 272.7 to 271.7 0.243 to 0.795 0.0025 9.423
Tf 273.15 to 272.2 0.000 to 0.517

CO2 Ti 271.4 to 270.3 0.963 to 1.593 0.0756 9.652
Tf 271.8 to 271.4 0.739 to 0.963

a See Table 1 for detailed descriptions.b Ranges of observed initial and final buffering temperatures, as opposed to the averaged values shown
in Table 1.c Calculated amount of dissolved gas based on the observed freezing point depression of H2O (see text).d Equilibrium concentration of
hydrate-forming gases in liquid water at 0.1 MPa and 273.15 K. Values are calculated from the Henry’s Law constants summarized by Sloan19 and
the relationship Xgas ) P/Hgas. Equilibrium concentrations of ethane and propane at 273.15 K are 0.0044 and 0.0040 mol/L H2O, respectively.
e Hypothetical gas concentration in proportions found in gas hydrate, i.e., concentration if hydrate breaks down to gas+ liquid H2O and no movement
of gas occurs. Assumes hydrate stoichiometry “n” numbers of 5.89 (C15,8), 5.78 (C1C29), 17 (C3, assumed), and 5.75 (CO2

6). Concentrations for
C1 and CO2 hydrates are shown; concentrations of C1C2 hydrate and C3 hydrate are 9.602 and 3.265 mol/L H2O, respectively.
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gas was released. Nonetheless, the experimental evidence that
we discuss above suggests that thermal buffering and freezing
point depression arising from gas solution are also relevant to
hydrate dissociation in seawater-bearing systems under certain
conditions.

Conclusion

When gas hydrate, at 0.1 MPa, is warmed to temperatures
above the melting point of ice, all remaining gas is released in
a single event within a well-defined temperature range just below
Tm until no hydrate remains. Similarly, when gas hydrate is
destabilized at external temperatures aboveTm by decreasing
the pressure below the hydrate stability boundary, the hydrate
dissociates completely while sample temperatures are buffered
in the same ranges belowTm. The fact that no hydrate persists
once temperatures exceed the melting point of the hydrate
network-forming material indicates that existing barriers to
hydrate dissociation disappear when dissociation produces water
instead of ice. These observations apply to both sI and sII gas
hydrates containing alkanes (C1-C3) and CO2, by far the most
common hydrate compositions in nature, as well as to sII Kr
hydrate.17 It remains to be seen if such behavior is generally
applicable to gas hydrates.

We have hypothesized that the well-defined temperature
ranges observed during dissociation are due to thermal buffering
as the water product freezes, and temperatures are depressed
below Tm due to the presence of dissolved dissociated gas in
the water product. The corresponding freezing point depression
increases with the rate of dissociation and with the relative
solubilities of the hydrate-forming gases, with calculated
concentrations falling between equilibrium values and the upper
bound of the gas concentration in the hydrate. Our hypothesis
is based on both macroscopic observations and thermodynamic
principles. Specifically, we consider the thermal history of the
sample during dissociation, the distribution of phases, the heat
flow in the system, the relationship to known equilibrium
boundaries, and the factors that can shift theirP, T position
(i.e. freezing point depression). The hypothesis needs to be
tested further using techniques that can resolve these
processes at a microscopic scale, possibly using an optical cell,
Raman spectroscopy, or nuclear magnetic resonance (NMR)
spectroscopy.

The dissociation behavior nearTm has been observed in
samples that range in mass from 1 to 100 g, where our samples
fall in the middle of this range. While the thermal buffering
behavior also is observed in samples larger than ours,14,15 we
expect that it may not occur when the ratio of the sample surface
to volume is sufficiently high, for example in very small
samples, samples with relatively low hydrate content (compared
to sediment, water, and/or free gas), or when the ratio of length
to cross-sectional area is very low or high. In these cases,
dissociation and heat transfer could be sufficiently rapid, such
that the dynamic balance between hydrate dissociation and water
product solidification necessary for thermal buffering is not
reached before dissociation goes to completion. As we have
noted, in our experiments the duration of thermal buffering is
dependent on location within the sample13 and on the amount
of temperature overstep ofTm.

Last, it is important to note that thermal buffering near the
H2O or D2O melting point is observed during gas hydrate
dissociation at pressures below the quadruple point (Figure 5).
Above the quadruple point, the gas hydrate phase boundary lies
at higher temperatures than the H2O solidus, and dissociation
proceeds at temperatures fixed at the hydrate stability boundary.
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